In experimental autoimmune uveitis (EAU), recent work has demonstrated that retinal damage involves oxidative stress early in uveitis, before macrophage cellular infiltration. The purpose of this study was to determine whether oxidative mitochondrial DNA damage occurs early in EAU, before leukocyte infiltration. METHODS. Lewis rats were immunized with S-antigen mixed with complete Freund adjuvant (CFA) to induce EAU. Nonimmunized animals and animals injected with CFA served as controls. Animals were killed on days 3, 4, 7, and 12 after immunization. Damage to mitochondrial DNA and nuclear DNA was assessed using a novel long quantitative polymerase chain reaction technique. TUNEL staining to detect apoptosis and immunohistochemical detection of leukocyte infiltration in EAU retinas were also performed at these times. RESULTS. Mitochondrial DNA damage occurred early in EAU, from day 4 to day 12. In the early phase of EAU (days 4 -7), there was no inflammatory cell infiltration. On day 12 inflammatory cells infiltrated the retina and uvea. Nuclear DNA damage occurred later in EAU at day 12. Neither mitochondrial nor nuclear DNA damage was detected in the controls. TUNELpositive staining for apoptosis was detected only at day 12 in EAU retina. CONCLUSIONS. Oxidative mitochondrial DNA damage begins at day 4 in EAU, supporting the view that oxidative stress selectively occurs in the mitochondria in the early phase of EAU, before leukocyte infiltration. Such oxidative damage in the mitochondria may be the initial event leading to retinal degeneration in EAU. (Invest Ophthalmol Vis Sci. 2008;49: 3299 -3304)
I ntraocular inflammation, commonly referred to as uveitis, is a leading cause of blindness from retinal photoreceptor degeneration. An animal model that closely resembles human uveitis is retinal antigen-induced experimental autoimmune uveitis (EAU). 1 The traditional thinking has attributed the retinal damage in EAU to blood-borne activated macrophages, which are known to generate various toxic agents, including inducible nitric oxide synthase (iNOS), superoxide, and other oxygen-derived reactive agents. [2] [3] [4] [5] Macrophages typically infiltrate the retina in the late phase of EAU (days 11-12 after immunization). 6, 7 However, in the early phase of EAU (day 5 after immunization), before macrophages and neutrophils infiltrate the retina, recent studies have shown peroxynitritemediated nitration of photoreceptor mitochondrial proteins. 8 Reactive oxidants and peroxynitrite are also present in the photoreceptor inner segment mitochondria. 9 Thus, there appears to be oxidative stress in the photoreceptor mitochondria during the early phase of EAU, before the infiltration of the inflammatory cells.
Mitochondrial DNA (mtDNA) is more vulnerable to oxidative damage than nuclear DNA (nDNA) for several reasons. 10, 11 mtDNA is in direct contact with the reactive oxygen species (ROS) produced in the mitochondria, and it is not covered by histones or other DNA-associated proteins, thus directly exposing it to ROS. 12 It is an intron-less DNA with a high transcription rate, providing a high probability of oxidative modification of the coding region. 13 Finally, although mitochondria have DNA repair machinery, the repair systems appears to be less efficient. 14, 15 Many studies have supported the notion that mtDNA is more susceptible than nDNA to damage by ROS. 10,16 -18 Thus, the study of mtDNA offers a reliable biomarker of oxidative stress in tissue rich in mitochondria, such as the retina.
The goal of the present study was to determine whether DNA damage occurs early in EAU. Using a novel long quantitative polymerase chain reaction (QPCR) technique, we showed that mitochondrial oxidative DNA damage occurs early in the EAU (day 4) retina, whereas nDNA damage occurs later (day 12), suggesting the retinal damage may commence early from photoreceptor mitochondrial oxidative stress rather than from macrophage-derived noxious agents.
METHODS

Induction of Experimental Uveitis
Lewis rats (virus antibody free; 150 -175 g) were obtained from Charles River Laboratory (Wilmington, MA) and were used in all studies. EAU was induced by a hind footpad injection of 60 g bovine S-antigen in complete Freund adjuvant (CFA) containing 4 mg/mL heat-killed Mycobacterium tuberculosis H37 RA (Difco Laboratory, Detroit, MI). Isolation of S-antigen from bovine retina has been described. 19 The antigen was precipitated from bovine retinal extract by half-saturated ammonium sulfate. It was then purified by gel filtration with a hydroxyapatite sorbet (Ultrogel ACA 34; Ciphergen, Fremont, CA), followed by hydroxyapatite chromatography (HA-Ultrogel; Ciphergen). The S-antigen eluates were tested by immunodouble diffusion. At the desired intervals after immunization, animals were euthanatized, and the globes were enucleated. Experiments were conducted immediately after the removal of the retinas. All procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
EAU was induced in 36 Lewis rats; six animals each were killed on postimmunization days 0, 3, 4, 7, 10, and 12, with day 0 corresponding to the nonimmunized control. Six Lewis rats were also immunized with only CFA and were killed at day 12. Three rat retinas were combined as one determination for DNA isolation. All experiments were performed in triplicate for QPCR.
In another group of 24 Lewis rats, EAU was induced with the use of bovine S-antigen. Three animals each were killed on postimmunization days 3, 4, 7, and 12, with day 0 corresponding to the nonimmunized control. Six other Lewis rats were immunized with only CFA and killed on day 12. The globes were enucleated, and the retinas were used for (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) staining for apoptosis detection and for CD68, CD45, and CD11b immunostaining.
A positive control for oxidative DNA damage involving the exposure of rat retina explants to 3-morpholinosydnonimine (SIN-1) for 6 hours in vitro was also performed. 8 
DNA Isolation and QPCR
Total cellular DNA was isolated with a DNA kit (Easy-DNA Kit; Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. DNA isolation by this technique results in genomic preparation suitable for long QPCR. Total cellular DNA concentration was determined with dye (PicoGreen dye in the Quanti-iT High Sensitivity DNA Assay Kit; Invitrogen, Carlsbad, CA), and fluorescence was measured with a fluorometer (Qubit; Invitrogen). The dye (PicoGreen in the Quanti-iT High Sensitivity DNA Assay Kit; Invitrogen) is essentially nonfluorescent and exhibits more than 1000-fold fluorescence enhancement on binding to dsDNA at an excitation wavelength of 480 nm and an emission wavelength of 530 nm. The assay, with a linear detection range of 0.2 to 1000 ng, is extremely sensitive for dsDNA.
QPCR was performed (via the GeneAmp PCR system 9700 with the GeneAmp XL PCR kit; Applied Biosystems, Foster City, CA) according to a protocol described previously except that the QPCR products were made with the assay kit (Quanti-IT High Sensitivity DNA Assay Kit; Invitrogen). 10, 20 Reaction mixtures contained 15 ng genomic DNA template; reagent conditions for the QPCR have been described previously. 20 Primer sequences used were as follows: for the 12.5-kb nuclear gene, clusterin 5Ј-AGA CGG GTG AGA CAG CTG CAC CTT TTC-3Ј and 5Ј-CGA GAG CAT CAA GTG CAG GCA TTA GAG-3Ј; for the 13.4-kb mitochondrial genome, 5Ј-AAA ATC CCC GCA AAC AAT GAC CAC CC-3Ј and 5Ј-GGC AAT TAA GAG TGG GAT GGA GCC AA-3Ј. As previously described, sample quality was also tested by QPCR of a 235-bp mitochondrial fragment (5Ј-CCT CCC ATT CAT TAT CGC CGC CCT TGC-3Ј and 5Ј-GTC TGG GTC TCC TAG TAG GTC TGG GAA-3Ј) with the expectation that equal template concentrations should yield similar QPCR (short) concentrations.
DNA lesion frequencies were calculated as described previously. 10 Briefly, the amplification of damaged samples (A D ) was normalized to the amplification of undamaged control (A 0 ), resulting in a relative amplification ratio. The undamaged control (A 0 ) involved the nonimmunized control. Assuming a random distribution of lesions and using the Poisson equation [f(x) ϭ e Ϫ x /x!, where ϭ the average lesion frequency] for the undamaged template (i.e., the zero class; x ϭ 0), the average lesion frequency per DNA stand was determined as ϭ Ϫln A D /A 0 . 10 Statistical analysis was performed with a Student's t-test, with P Ͻ 0.05 considered significant.
Apoptosis Detection
All globes were fixed with formalin and embedded in paraffin. A TUNEL staining kit (R&D Systems, Minneapolis, MN) was used to detect apoptosis, as described by the manufacturer. Briefly, paraffin sections were deparaffinized and treated with proteinase K for 15 minutes and were washed. Endogenous peroxidase was quenched by incubation with 3% H 2 O 2 for 5 minutes. The sections were then incubated with the TdT for 1 hour at 37°C. Streptavidin-fluorescein conjugate was applied to the sections. After they were washed in phosphate-buffered saline (PBS)/Tween-20, sections were mounted with medium with 4Ј6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Subsequently, sections were visualized under a confocal microscope (Carl Zeiss, Thornwood, NY). PBS was used in place of TdT enzyme as the negative control, and known positive slides with apoptotic cells were used as positive controls.
Immunohistochemical Staining for Leukocytes, Macrophages, and Microglia
Cryostat sections of retina (10 m) were incubated with mouse antirat CD45 (1:100; BD Biosciences, San Jose, CA) overnight at 4°C. The slides were then incubated with the secondary antibody, biotin-labeled mouse anti-rat IgG (Dako, Carpinteria, CA). After enhancement with a complex of peroxidase-conjugated biotin and avidin (ABC Kit; Vector Laboratories), visualization was carried out with the use of 3-diamino-9-ethylcarbazole.
To detect macrophages with the CD68 marker, paraffin sections from control, day 7, and day 12 postimmunization retina were deparaffinized and subjected to antigen retrieval by covering the sections with 10 M sodium citrate buffer (pH 6.0), and heating them for 15 seconds. Slides were then cooled to room temperature for 20 minutes, rinsed with PBS, and blocked with 2% bovine serum albumin for 30 minutes at room temperature. Sections were incubated overnight at 4°C with mouse monoclonal anti-rat CD68 antibody (1:100; BD Biosciences, San Jose, CA). Sections were washed three times with PBS/ 0.05% Tween-20 and then incubated in the dark for 1 hour at room temperature with horse anti-mouse IgG conjugated with fluorescein (1:100; Vector Laboratories). The sections were then washed with PBS/Tween-20 and mounted with medium containing 4Ј,6-diamidino-2-phenylindole (Vector Laboratories) and were viewed under a confocal microscope (Carl Zeiss). Isotype control and primary antibody replaced by PBS were used as negative controls. The sections of spleen were used as positive controls.
For detecting retinal microglia, cryosections (10 m) were incubated with mouse anti-rat CD11b (1:200; Serotec, Oxford, UK), and fluorescein-conjugated horse anti-mouse IgG (Vector) was used as secondary antibody. Isotype control and primary antibody replaced by PBS were used as control procedures to ascertain the specificity of the primary antibody. Sections were visualized with a laser scanning confocal microscope (LSM-510; Carl Zeiss).
RESULTS
EAU and DNA Damage
To investigate whether oxidative DNA damage occurs in early EAU, a well-validated and sensitive QPCR assay was used. The approach is based on the premise that DNA lesions, including oxidative damage that cause strand breaks, base modification, and abasic sites, 21 will block the progression of the polymerase, resulting in decreased amplification of the target sequence. 20 DNA damage was quantified by comparing the relative efficiency of amplification of large fragments of DNA (13.4 kb for the mtDNA and 12.5 kb for the nDNA) and normalizing this to the amplification of smaller (Ͻ250 bp) fragments that have a statistically negligible likelihood of containing damaged bases, thus normalizing differences in copy number. 10 A decrease in mtDNA amplification began early in EAU at day 4 and continued through days 7 and 12 after S-antigen immunization (Fig. 1A) . A positive control for oxidative DNA damage involving exposure of the rat retina to SIN-1 for 6 hours in vitro 8 was also performed. SIN-1, which is a peroxynitrite donor, simultaneously releases nitric oxide and superoxide and causes oxidative stress in an in vitro system of retinal photoreceptor cells. 8 The positive control with SIN-1 showed a decrease in mtDNA amplification. On day 12, a CFA control without S-antigen immunization did not show any changes in DNA amplification (Fig. 1A) . A decrease in nDNA amplification occurred later that day, after S-antigen immunization (Fig. 1B) , but there were no changes in the nonimmunized, CFA-injected control. The SIN-1-positive control did show a decrease in nDNA amplification (Fig. 1B) . x /x!, where ϭ the average lesion frequency for the undamaged template. 10 The amplification of damaged samples (A D ) was normalized to the amplification of undamaged control (A 0 ). The undamaged control (A 0 ) involved the nonimmunized control. The average lesion per DNA strand was determined as ϭ Ϫln A D /A 0 .
10 mtDNA damage occurred early in EAU beginning at day 4 and continuing throughout until day 12, whereas nDNA damage occurred later at day 12 (Fig. 2) .
Apoptosis, Leukocytes, Macrophages, and Microglia in EAU
To determine whether apoptosis was occurring in the retinal photoreceptors, a TUNEL staining kit was used to measure DNA fragmentation. TUNEL-positive cells were absent at day 3 ( Fig. 3A) , day 4 ( Fig. 3B) , and day 7 (Fig. 3C ) and was first seen at day 12 after immunization (Fig. 3D) . The TUNEL-positive cells are located in the retinal photoreceptor layer. The nonimmunized controls, CFA-injected animals, and negative controls did not have any TUNEL-positive cells (data not shown).
Detection for inflammatory leukocytes and retinal immune cells, microglia, was carried out on days 7 (early phase) and 12 (amplification phase). At day 7, a small number of CD45 ϩ cells were seen only in the choroid (Fig. 4A) , whereas at day 12, positive cells were detected in the choroid and in the nuclear layers and nerve fiber layer (Fig. 4B) . At day 12, the disruption of the nuclear layer was also observed (Fig. 4B) . No CD68 ϩ cells were seen in day 7 retinas (Fig. 4C) , but numerous cells were present in the inner retina and inner nuclear layer at day 12 ( Fig. 4D) . At day 7 after infection, the resident microglia are seen mostly at the inner nuclear layer (Fig. 4E) . At day 12 after 
IOVS,
infection, however, most microglia migrated to the photoreceptor layer (Fig. 4F ).
DISCUSSION
In this study, using a novel long QPCR technique, we determined that mitochondrial oxidative DNA damage occurs early in EAU (day 4) and increases throughout EAU, whereas nuclear DNA damage occurs later (day 12). Before the development of the long QPCR technique, it was difficult to reliably detect mtDNA damage. Early studies used DNA extraction techniques that caused extensive DNA oxidation and resulted in reports of artifactually high levels of adducts. 22 Furthermore, techniques to isolate mitochondria from whole-cell (tissue) extracts to obtain nDNA-free mtDNA might also have caused higher levels of damage in mtDNA. 23 In EAU, there was evidence of oxidative damage involving lipids and proteins. 6 With the long QPCR technique, mtDNA damage could be detected in EAU. The long QPCR technique is well validated, sensitive, and reliably assay based on the principle that oxidative DNA lesions inhibit DNA polymerases. 10 The current detection limits are one to two lesions per 10 5 nucleotides with 5 to 15 ng mammalian DNA (equivalent to approximately 1000 -3000 cells). 13 However, there are limitations associated with QPCR. First, DNA lesions that do not significantly stall the progression of DNA polymerase, such as 8-hydroxydeoxygenase, are not detected with high efficiency. 20 In this study, this is not pertinent because oxidative stress is unlikely to produce only one type of lesion. 24 Oxidative DNA damage produces a wide variety of DNA lesions, including oxidation of purines or pryimidines, abasic sites, and single-strand breaks. 21 Second, although the presence of damage on the DNA template can be identified, the specific nature of the lesion cannot be determined by QPCR alone. 20 mtDNA is prone to oxidative damage because it is in direct contact with the ROS produced in the mitochondria and it lacks histones, which make it vulnerable to oxidative damage. Thus, mtDNA is a reliable biomarker of oxidative stress. In this study, mtDNA is damaged early in EAU, beginning at day 4 after immunization. Mitochondrial oxidative stress occurs in EAU before the infiltration of the macrophages on days 11 to 12. This supports previous studies that showed peroxynitrite-mediated nitration of photoreceptor mitochondrial proteins occurs in the mitochondrial photoreceptors at day 5. 8 Furthermore, reactive oxidants and peroxynitrite are present in the photoreceptor inner segment mitochondria at day 5 as well. 9 mtDNA appears to be the first affected by the oxidative stress in EAU. Protein nitration first occurs at day 5, 6 supporting that oxidative stress in the photoreceptor mitochondria occurs during the early phase of EAU, before the migration of macrophages and microglia. The mitochondria also appear to be the original site of inflammatory insult involving oxidative stress in early EAU.
The mechanism that induces oxidative stress in early EAU is unclear. Oxidative damage was originally attributed to the macrophages, but there is no histologic or immunohistochemical evidence of their presence until day 11 to 12.
6,7 Retinal microglia have recently been shown to exhibit phagocytic and pathogenic functions similar to those of macrophages. However, they are only detected until days 9 and 10 after immunization. 7 There is some evidence implicating T cells in the pathogenesis of the early oxidative stress and insult in EAU. A few CD3
ϩ cells were found in the retina on day 5 after immunization, and real-time QPCR showed a 1.98 increase in CD28 transcripts. 9 There is a significant upregulation of TNF␣, INOS, IFN␥, and IL1␣ at day 5 after immunization, 9 and these cytokines are associated with the induction of oxidative stress. The timing of their presence coincides with the mtDNA damage. There is a significant increase in TNF␣ at day 3 (Saraswathy S, et al., unpublished observation, 2006), which may explain the early mtDNA damage that occurs at day 4. Such early upregulation of TNF␣ suggests that innate immunity could contribute to oxidative stress during early EAU. TNF␣ expression is known to upregulate iNOS and the subsequent production of nitric oxide and oxidant species. [25] [26] [27] [28] Although mitochondrial DNA damage occurs before leukocyte infiltration in the retina, the mechanism for such damage is unclear. It is plausible that the innate immune response may be the cause of the early oxidative insult before the priming and arrival of the T cells into the retina. Further studies are needed to clarify the role of innate immunity in the initiation of mitochondrial oxidative stress in early EAU.
mtDNA is an important target for oxidative damage and, if not repaired, can lead to mitochondria dysregulation and cell death. 29 mtDNA damage leads to loss of membrane potential, adenosine triphosphate synthesis, and, ultimately, cell death in many in vitro systems. 11, 30, 31 Interestingly, in our study, apoptosis was not detected until much later, on day 12. The reasons early cell death did not occur may be several. First, the sensitivity of the TUNEL assay might not have been high enough to detect apoptosis because of the mtDNA damage as shown through QPCR. Further studies involving PCR-based gene array screening involving apoptosis and its signaling pathway may reveal that apoptotic changes occur before detection by TUNEL in EAU. Second, the amount of mtDNA damage necessary to set off the apoptotic cascades might not have been sufficient until day 12. Third, protective mechanisms early in EAU might have prevented apoptosis despite the presence of oxidative stress. Oxidative stress is known to upregulate a variety of heat shock proteins and crystallins. These heat shock proteins have antiapoptotic effects by specifically inhibiting components of apoptotic machinery. [32] [33] [34] [35] [36] [37] [38] [39] In early EAU, ␣A crystallin is upregulated and prevents apoptosis by binding to nitrated cytochrome c. 40 This may explain why there was no apoptosis early in EAU despite the presence of mtDNA damage. Moreover, oxidative stress could have been overwhelming on 
